Results also allowed to refer to the nature of the recruiting response to some extent.
METHODS
Experiments were carried out on adult rabbits weighing 2.8-3.5 kg. After anaesthetization with pentobarbital sodium (20-30 mg/kg. body weight), the trachea was cannulated and paralysed with hexamethylene-1, 6-biscalbaminoil choline bromide.
Artificial respiration was continued throughout the course of experiment. Then the animals were mounted in a stereotaxic instrument and the cortices were exposed by removing the parietal part of the skull just overlying the sensorimotor cortex. Cisternal drainage was also performed to eliminate the brain pulsation accompanying respiration.
Cut ends of skin and pressure points caused by head holding were locally anaesthetized with 2% procaine. Stimulations of specific and nonspecific thalamic systems were achieved with concentric bipolar silver wires enclosed in pair glass capillaries except the tips (tip diameters 50 micra or less, tip separation 0.5 mm). Single, double or 8 c/s train electroshock was delivered to nucleus ventralis posterolateralis (VPL) in order to set up the so-called primary response or augmenting response in the sensorimotor cortex. To obtain recruiting response originating in nonspecific thalamic nucleus 8 c/s stimulation was applied to nucleus ventralis anterior (VA). Cortico-spinal tract was also stimulated at the level of pons to identify pyramidal tract cells. These three pairs of stimulating electrodes were held in respective manipulators and placed through the cranial opening with the guide of the SAWYER et al. atlas15).
Cortical surface oscillations were recorded from the parietal region of the ipsilateral cortex (sensorimotor cortex) with 0 .1 mm silver wire. This wire was fixed to the inside wall of the small hole drilled in the pressure plate made of acrylic resin, which was designed to prevent the movement of the cortex , and held in a threedimensional manipulator.
Micropipettes filled with 3 Mol. potassium chloride or 1.5 Mol.
potassium citrate (5-20 megohms in direct current resistance) were inserted nearlyvertically into the cortex close to the surface electrode through the hole of the pressure plate. Microelectrodes were driven with the hydrauric micromanipulator held in an arm of the mechanical manipulator, and depths at which activated cells existed were measured from the contact point of the electrode tip on the pial surface. Exposed cortical surface was covered with Ringer-soaked cotton or Ringer agar after completion of electrode settings.
Indifferent silver-silver chloride stick electrode was embedded in the incised neck skin.
In the following figures, the upper trace in each pair sweep was recorded from the cortical surface, while the lower, from the vicinity of an active neuron in the cortex. Positivity is indicated by downward deflection for both surface-electrode and intracortical microelectrode. PT cells were situated in rather confined cortical levels ranging from 1.2 to 1.8 mm.
RESULTS

In
Variations of the response pattern in non-PT cells. In firing characteristics there were many types of non-PT cells responding during evoked potentials to single or repetitive VPL stimulation, but they could be classified into several patterns in responding manner as described below. Some neurons fired to single VPL stimulation and others to repeatedly applied ones. This difference would not be substantial, because the latter might have more direct relation to the afferents from the other thalamic relay nucleus.
In Stimulus strengths increase gradually from upside downwards. Depth, 0.9 mm. B: Second stimulus has the same effects on the cell as in A, except decrease in latency and massive firings.
In the left column stimulations of the same strength were given in six pair sweeps in order to test the reappearing nature of the effect, while gradual decrease in stimulus strength in the right column (only intracortical records were shown).
Depth, 1.3 mm; time marks, 100 c/s.
given of ter 30 msec, this cell responded with an increased latency, 6-8 msec, of the initial spike in the train discharges. Another cell in B, firing with a long latency about 11 msec and in the surface negative phase to single shock, started to respond with a decreased latency up to 7 msec to the second stimulus given at 33 msec interval.
There is a reverse relation with respect to the latency shif t in the two cells in FIG. 2A The cell fired at second shock with weak stimuli (left column), while stronger stimulation elicited a spike during the initial positive deflection at first shock (middle, two-times stronger than left; right, four-times) and double spikes during the augmenting positive phase at second and subsequent shocks. Increasing the strength reduces the latency for firing. Depth, 1. While the latency of the first spike in the train discharges held a constancy throughout the series of the waxing and waning, the firings were temporally concentrated on the augmenting surfacepositive components during the waning phase. Some cells which responded with single spikes during the waxing and fully-developed phases failed to fire during the waning phase. One of these cells is illustrated in FIG. 4B . This record was taken intracellularly from the cell which was exhibiting relatively low membrane potential and then thought to be drawing near an injury state. There are shown first five responses superimposed upon each other to 8 c/s stimulation of VPL. In lower records single spikes rose from the increasing depolarization potential (EPSPs), downward deflection, with a stable latency in response to the second and subsequent stimulation and was followed by a gradually growing hyperpolarization (IPSPs). Increase of the EPSPs to repetitive stimulation was not so distinct, probably owing to the lowered membrane potential by impaling the cell, while growing of the IPSPs after firing was powerful and reached about 20 mV. Repetitive stimulations reduced the latency of the full-grown IPSPs during the waning phase of the surface response, accordingly the preceding EPSPs were nibbled and lowered by the IPSPs resulting in failure of further spike production, though not shown in the figure. EPSPs and IPSPs in the place were temporally related to the surface-positive and -negative deflections, respectively. There were some neurons which discharged sustained trains of impulses AND Repetitive stimulation grows not only EPSPs in the cell from which single spikes rise, but also IPSPs which decrease gradually in latency, then nibbles the preceding EPSPs, and inhibits to fire at last. About two-thirds of the spike tip was cut away from the print. Depth, 1.5 mm ; time bar, 20 msec; vertical bar, 20 mV for lower records only. Activities in non-PT cells during recruiting response.
Repetitive VA stimulations at 8 c/s have produced the waxing and waning positive-negative potentials so-called recruiting response in the sensorimotor cortex.
These waves recorded at cortical surface differ from the augmenting responses obtained by stimulating VPL in that these have longer latencies and are lacking in initial -small positive deflections which occur in a few msec after stimulation and precede the positive-negative potentials in the augmenting response. About two-thirds of the cells that responded to the VPL stimulation also fired in the various phases of recruiting response to the repetitive VA stimulation.
Some cells fired in the surface positive phase with a fairly steady latency similar to the response to the VPL stimulation.
An example of such cells is illustrated in FIG. 6A and B. To the 8 c/s VPL stimulation the cell fired at the peak of surface-positive deflection (corresponding to the negative phase of intracortical field potential) with the latency of 13.5 msec (FIG. 6A) . The same cell also responded to 8 c/s VA stimulation at the surface-positive phase with a longer latency (22-24 msec) than in the response to VPL stimulation (FIG. 6B) . Large numbers of the cells activated by both VPL and VA stimulation fired in the surface-negative or the delayed negative phases to VA stimulation ; therefore the latencies for spike firing were longer than that in the above-mentioned instance (FIG. 6C) . General characteristics of the responses to VA stimulation differing from those to VPL stimulation are as follows. As has been expected from the fact that the latency of surface-nonspecific response is fairly longer than that of the specific response, the latency for firing in a given cell is also evidently longer than that to the VPL stimulation.
Through a series of recruiting response, latencies are more variable than in augmenting sequences and fluctuations in latency are enormous in cells which respond with longer latencies. Cells such as those responding to single stimulus or to the first of the repetitive train stimuli applied to VA are rare and there are frequent lacks of spike firing even during stabilization phases of recruiting responses. 7B), one half in the transient phase going negativity (going-negative phase) or the negative phase (FIG. 7C) , and the rest in the delayed surface negative wave to repetitive VPL stimulation. This cell fired in the going-negative phase or the peak of the negative potential and/or the delayed negative potential, sometimes in duplet, in the surface response during repetitive VPL stimulation. Such a cell is rare in number throughout this experiment.
Main features of PT cell responses to VPL stimulation can be summarized as follows.
PT Antidromic activation of cortico-thalamic neurons.
In the whole course of experiments, a few neurons were met which fired by the peak time of the initial positive deflection in the surface response to VPL stimulation. This type of the cortical cells has a steady threshold for firing and a short and constant latency regardless of the strength of stimulations applied singly or repeatedly to VPL. In addition the spike potential of such a cell was always accompanied with synaptic noises, suggesting that the activity was recorded from the extreme vicinity of soma membrane of a cell. These facts mean that the action potential was not caused transsynaptically in the cortical neuron, nor recorded from a terminal portion of the afferent projection fiber from the thalamus.
Therefore, the firing should be the antidromic activation of a cortico-thalamic cell which sends its axon to VPL, or of another cell which sends the axon collateral to this nucleus. This cell also fired in the early phases of spontaneous cortical spindle waves (FIG. 8B, right-lower) .
There was another corticothalamic neuron which also responded orthodromically with one to three spikes in the augmenting surface positive phase after the antidromic activation.
DISCUSSION
Components of evoked potentials.
Evoked potentials obtained in the sensorimotor cortex to thalamic stimulations of the rabbit resemble in many respects those recorded in the cat. In the so-called primary response evoked by VPL stimulation the initial positive deflection is most distinct. This deflection appears solely (cf . FIG. 8B) , accompanied by successive small negative potential (FIG. 7C) or slower positive potential (FIG. 6A) , or sometimes followed by a germination of the augmenting positive-negative wave (FIG. 4A) which usually manifests to repetitive stimulation.
These variations in wave form were empirically understood to be ascribable to the differences in the intra-nuclear stimulating point and more largely in the cortical recording site, and were identical to the observations in the cat. The initial positive deflection of the primary response has been stated to disappear with low-frequency repetitive stimulation5'6) . But, in this experiment this component remained the same, or became reduced in height with 8 c/s VPL stimulation, as shown by CLARE and BISHOP4) . While the augmenting positive-negative response grows gradually with successive stimuli and attains maximum amplitude at certain fifth stimulus . When the latency of the positive wave is longer, this wave and the initial positive deflection are obtained independently.
Usually, however, both phases are recorded as a two-step positive wave which has an inflection on the time course . The variability in latency of the augmenting component is considered to be dependent on differences in the recording sitecf.11).
Since the initial positive deflection appears with a very short latency, activities in the terminal portions of the thalamo-cortical projection fibers must take a part in the formation of the deflection. The cortico-thalamic cells also fired antidromically in this phase . In addition to these, postsynaptic activities of some cortical neurons which respond with short latencies are involved in this deflection.
Postsynaptic neurons firing in this phase are small in number.
These fired in the initial positive phase only to the initial (or rarely second) stimulus and started to respond in the later augmenting positive phase to subsequent ones of 8 c/s train stimuli (FIG. 3A) . Decrement in amplitude or disappearance of the initial positive deflection to the lowfrequency thalamic stimulation would be caused by such cells as shifting in latency.
As this potential reversed in sign into negative below 0 .6 mm from the cortical surface and attained maximal amplitude at the depth of 0 .9-1.2 mm, the initial positive deflection recorded at cortical surface would show the reflection of the intracortical negative field potential due to the activities in arborized afferent terminals and EPSPs generated in some of cortical neurons as mentioned above.
It is thought reasonable that the activities of slower afferents participate in the augmenting positive wave. Postsynaptic activations of cortical cells, however, should play a more important role in the formation of the positive potential.
In fact, many cortical cells including PT cells have fired massively concentrated in this positive phase during the full-grown augmenting phase. This potential turned into negative in sign when recording at 0.6-1.5 mm below the cortical surface and massive spike discharges superimposed on this negative potential.
The intracortical negative potential also augments proportionally to the surface positive wave. EPSPs were demonstrated to continue during this surface positive phase in some intracellular recordings. These facts strongly suggest that EPSPs elicited in respective postsynaptic cortical neuron, synchronize at spike discharging and make an intensive ex-tracellular negative field deep in the cortex during the augmenting phase, and the negative field potential reflects as a positive wave to the cortical surface.
While PURPURA et al.12,13) reported that in many cells EPSPs and IPSPs are recorded in different cells during different components, and that there is no direct correlation between intracellular PSPs and different phases of cortical surface response.
Supposing, however, that the intracortical negative potential is the algebraic sum of negative-positive field potentials which resulted from respective EPSP-and/or IPSP-producing cell, the short duration of the potential is evaluated without contradiction.
With this in mind, the surface negative wave can be explained as the reflection of the intracortical positive field potential originated from IPSPs which are usually generated later than EPSPs.
Since the deep positive potential, however, is less conspicuous than the preceding negative deflection, different activities in the cortex may take more important parts in the augmenting negative component. They are probably PSPs (especially EPSPs) generated in elements of upper layers, as has been suggested by PURPURA et al.13). Postsynaptic activities in upper layers may also compose the delayed surface negativity.
The explanation that evoked potentials recorded in cortical surface are mainly the manifestation of compound postsynaptic potentials is supported by the fact that the membrane potential change, caused by the cortical polarization, changes the amplitude of intracellular PSPs and these reflect directly on different component potentials of surface evoked potentials14). These results and considerations are incompatible with another concept that the surface negative potential results from the upward conduction of the depolarization potential along apical dendrites2,3,9,16).
About two-thirds of cortical neurons except PT cells activated by the VPL stimulation also responded to repetitive VA stimulation.
It is certain, therefore, that these cells play a role in the production of recruiting response. Some types of these cells fired in the surface positive phase and the others in the surface negative phase with fairly long and fluctuated latency. This would mean that projection fibers from VA are small in number and less synchronized volleys of impulses impinge upon the cortical neurons through multisynaptic and variable pathways10). The fact that the surface negative potential is relatively larger in amplitude than the preceding positive one would suggest the afferents from VA mostly terminate on the cortical elements in upper layers and the massive negative field due to PSPs, especially EPSPs, in upper layers overwhelms the reflected positive potential from activities in deep elements.
At all events, more complicated intracortical pathways must be involved in recruiting response than in the augmenting response.
Probable mechanisms of the waxing and waning in the augmenting response. As mentioned previously, the deep negative field potential due to EPSPs augments gradually during repetitive VPL stimulation and reflects as the augmenting positive wave to the cortical surface. The mechanism by which (a) and (b) take place is thought to be that the increase in activated afferent fibers leads to the augmentation of EPSPs generated in respective cortical neuron, as the preceding shock raises the excitability of thalamic elements. Delaying in latency (c) might be brought about by the change in thalamic mediating neurons into slower projection cells owing to the activity of intrathalamic or thalamo-cortical reverberating system.
While the gradual shortening in latency (d) might mean that the rising of EPSPs becomes rapid or intermediate neurons gradually decrease in number due to activation of cortical excitatory interneurons. During waning phase in the augmenting response intracortical deep negative potential decreases in amplitude corresponding to the surface positive wave. At this time gradual decrease in firing number, cessation of firing, or fluctuation in latency take place. Waning in cortical slow potentials is certainly caused by the decrease of the intracortical field potential arising from the decrease of EPSPs in respective neuron and from desynchronized synaptic activities.
In some neurons the decrease in EPSPs in fact led to the cessation of spike firing. In the example shown in FIG. 4B , IPSPs which occurred later than EPSPs augmented gradually, decreased in latency, and nibbled the preceding EPSPs resulting in failure of firing.
The increasing IPSPs in a given neuron are probably brought about by activities of cortical inhibitory interneurons resemble to those demonstrated in the thalamus1). While the mechanism of the waxing and waning in the recruiting response may be a more complicated one than in the augmenting responses, since subcortical, cortical, and thalamo-cortical reverberating mechanisms are thought to be intermingled for the manifestation of recruiting response"). However, facts that there are common cortical neurons responding to both VPL and VA stimulations and interactions are recognized between the slow components of the augmenting and recruiting responsese.g. 7) , might show that the same mechanism of the waxing and waning as in the augmenting re-sponse also participate in those in the recruiting response.
SUMMARY
1. Interrelations between the slow potential sequence and neuron activities in the sensorimotor cortex to the stimulations of thalamic relay (VPL) and nonspecific (VA) nuclei were studied in the rabbit and the results led to the following considerations. 2. The initial positive deflection recorded at the cortical surface is the reflection of the intracortical negative potential which resulted from massive terminal activities in the fastest thalamo-cortical projection fibers and synaptic activities in some cortical neurons firing with short latency and adapting in a short time.
3. The augmenting positive-negative potential is brought about by the deep negative-positive field potential which results from EPSPs and IPSPs generated in many cortical cells and reflects upon the cortex in the reverse sign.
In addition, postsynaptic activities in upper layers must participate in the formation of this potential, especially of the negative phase. 4. Gradual synchronization of PSPs produced in respective neuron makes the intracortical field potential larger when stimulated at 8 c/s. While IPSPs developing later, probably owing to the activities of inhibitory interneurons, lower the height of EPSPs and lead to the inhibition or cessation of firings. These are possible mechanisms by which the waxing and waning occur in response to low-frequency VPL stimulation. 5. Less evidence was obtained to allow making the distinct relation between neuron activities and cortical slow potentials to 8 c/s VA stimulation.
Therefore, strict ideas on the origins of component potentials in the recruiting response were not obtained.
It is reasonable, however, to presume that the same elements and mechanisms as in the augmenting resjcrse alEo take a part in the recruiting response.
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